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The excited states of a 78Se nucleus were studied via a multiple Coulomb excitation experiment. A natural
lead target was irradiated by the 78Se beam and g rays in coincidence with the scattered projectiles were
collected. Resulting yields were used as an input for the least squares analysis code GOSIA. Four known excited
states were observed and nine matrix elements including three diagonal ones were derived from this analysis.
The deformation parameter ^Q2& was deduced by a sum rule. The results showed good agreement with the
calculation by the asymmetric rotor model with triaxial deformation parameter g.23° –28°. The quadrupole
moments of the 21
1 and 22
1 states analyzed by this model suggested that both levels had the same intrinsic
state.
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Structures of nuclei in a mass ;80 region have been de-
scribed as resulting from an interplay of rotational and vibra-
tional collective motions. Even-even stable selenium iso-
topes (Z534, N538–48) are located in a transition region,
with the proton number between the magic Z528 and the
Z540 semimagic numbers, while the neutron number is con-
tained between the N528 and N550 closed shells. From
level schemes, all Se isotopes seem to exhibit a vibrational
collective mode of excitation, with a closely spaced triplet of
02
1
, 22
1
, and 41
1 spin states, whose excitation energies are
nearly twice the energy of the first excited 21 state. The
properties of the nuclei in this region can also be described
by the rotational collective motion including g deformation,
as demonstrated, for example, in case of semimagic N540
isotones @1,2#.
Excited states of these nuclei were studied by Coulomb
excitation. The ratios of magnetic moments were measured
for low-spin states in even-even 74282Se using the transient
field method following Coulomb excitation @3#. The transi-
tion probabilities B(E2) of the low-lying states and the
quadrupole moments of the first excited 21 states of Se iso-
topes have been measured by Coulomb excitation using
light-ion beams @4,5#, and it was reported that the B(E2)
values did not support the predictions of the vibrational
model. More recently, the Coulomb excitation data were ob-
*Electronic address: hayakawa@jball4.tokai.jaeri.go.jp0556-2813/2003/67~6!/064310~6!/$20.00 67 0643tained for Se and Ge isotopes @1,6,7# in a model-independent
way using the least squares analysis code GOSIA @8#. The
experiments included both multiple Coulomb excitation with
heavy-ion beams and projectile excitation on heavy targets.
The deformation of the second 01 state was discussed in
these studies. The second 01 state was found to be a spheri-
cal intruder state in case of 72Ge. Kavka et al. studied the
structure of 76,80,82Se using multiple Coulomb excitation
with 16O, 48Ti, and 208Pb beams @7#. In conclusion, it was
reported that the second 01 state of 76Se can be described in
terms of the vibrational model, while a clear discrepancy
between the predictions of this model and the measured
properties of the second 01 states in 80,82Se was seen. The
ratios B(E2,021→211)/B(E2,211→011) of 80,82Se were 0.30
and 0.34, respectively, both of which show a large deviation
from the prediction of the harmonic vibrational model @7#.
The calculation result of the vibrational model is not in
agreement with the nuclear structures of Se isotopes heavier
than 76Se, and hence the electric property in 78Se is impor-
tant for the investigation of the transition of nuclear struc-
tures in the Se isotopes. No data from heavy-ion Coulomb
excitation exist for 78Se. In order to study the systematic
structures of even-even Se isotopes, a projectile excitation of
78Se was carried out followed by the GOSIA analysis.
II. EXPERIMENTAL PROCEDURE AND RESULTS
The low-spin structure of 78Se was studied by b-g coin-
cidence measurements, transfer reactions, and Coulomb ex-
citation @9–16#. The band structures were assigned following©2003 The American Physical Society10-1
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@17#. As a result the second excited 21 state was interpreted
as a band head of the g band @17,18#. The half-lives of the
excited states were measured by Doppler shift and pulsed-
beam timing methods @17#. For the projectile Coulomb exci-
tation experiment, a self-supporting lead target of
1.7 mg/cm2 thickness was bombarded by a 320-MeV 78Se
beam from the tandem accelerator at the Japan Atomic En-
ergy Research Institute ~JAERI!. The g-ray detector array,
GEMINI @19#, consisting of 11 HPGe detectors with BGO
anti-Compton suppressors was used to detect deexcitation g
rays. The typical energy resolution was 2.2 keV at 1.3-MeV
g ray. The efficiencies of the HPGe detectors were about
40% relative to a 3 in. 3 3 in. NaI detector. The Ge detectors
are placed on the 12 regular decagonal surface of the trun-
cated dodecahedron flame, which are located at 32°, 58°,
90°, 122°, and 148° relative to the incident beam direction.
The geometrical solid angle was defined by the lead collima-
tor mounted in front of the BGO suppresser. The half of the
vertical angle of the conical hole was 9°.
In order to measure the deexcitation g-ray intensity as a
function of a scattering angle and to make g-ray Doppler
shift correction, the scattered 78Se beam was detected by a
position-sensitive particle detector system @20#. It consisted
of four photomultiplier tubes R5900 @21# supplied by
Hamamatsu Photonics K.K. in combination with two type of
scintillators. The R5900 has ten stages of metal channel dyn-
odes and cross-wire anodes and 28 mm328 mm320 mm
size. The outputs were converted to 2 1 2 signals, being
linear to positions with positional resolution of 1.2-mm full
width at half maximum ~FWHM! near the edge of detector
and 0.5 mm at the center. Two detectors with 0.5-mm thick-
ness plastic scintillators ~BC418! @22# were located forward
relative to the beam, and the others with 1.0-mm thickness
Yap Ce scintillators @22# were located backward in the same
plane ~see Fig. 1!. The Yap Ce scintillators were effective in
the detection of low light caused by the backward scattered
particles with low kinetic energy. The particle detector cov-
ered about 30% of 4p in an angular range of 30°<uc.m.
PMT
Beam
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PMT PMT
Target
Beam
Scintillators
FIG. 1. Schematic view of the particle detectors’ setup. The four
particle detectors were located in the chamber. Backside of photo-
multiplier tubes with the output signals were derived from the
chamber.06431<67° and 106°<uc.m.<162°. The energy and timing infor-
mation of HPGe detectors and position and energy signals of
particle detectors were recorded on magnetic tapes event by
event when at least one HPGe detector and one particle de-
tector responded as coincident signals. About 23108 events
were obtained.
The energies of the g rays are corrected by the angles of
scattered particles. Figure 2 shows typical Doppler shift cor-
rection of the g rays. The energy resolution for a 614-keV
transition was improved from 25-keV to 8-keV FWHM. The
information on particle position was also used simulta-
neously to extract the information on impact parameter de-
pendence of g-ray intensities. The GOSIA code constructed
the standard x2 function built of measured g-ray yield in
coincidence with the projectiles detected in the seven scat-
tering angle slices of uc.m.534.5, 43.7, 53.1, 62.4, 115.4,
134.7, and 153.3 on both sides of the beam. In order to
determine the matrix elements, the measured g-ray yields as
well as known lifetimes and E2/M1 mixing ratios, not as
fixed values, were used as an input for GOSIA ~see Table. I!.
Unobserved states in higher excitation energy can affect
the population of the observed states through virtual excita-
tion. We tried to calculate the transition probabilities using
input datasets including unobserved states, and thereby we
found that the 61
1
, 42
1 states are important for the population
of the lower states. Figure 3 shows the partial level scheme
of 78Se with deexcitation gd rays observed in this experi-
ment, in which both the observed and unobserved states used
for the input dataset are shown. Five known g rays decayed
from four excited states up to 41
1 were observed. Two tran-
sitions of 889 keV ~from 41 to 21) and 885 keV ~from
second 01 to 21) have nearly the same energies within de-
tector resolution ~see Fig. 2!. The intensities of these g rays
were analyzed assuming an unresolved doublet, handled by
the GOSIA code. It was possible to derive all E2 and M1
matrix elements connecting the four low-lying excited states
and the ground state of 78Se. The result of least-squares fit
reproduced well the g-ray intensities and level lifetimes. Fig-
ure 4 shows the experimental and calculated g-ray intensi-
ties. Finally, the normalized x2 of 1.1 was obtained. In total,
eight E2 and one M1 reduced matrix elements were deter-
mined, including three diagonal matrix elements as listed in
Table II, compared to the results of the previous work. Most
matrix elements agree with the previous data within error.
The value of the 41
1→211 transition is lower than the ones of
two previous data, but the difference is not so large. The Q
moment of the 21
1 state was measured by Lecomte et al.
using Coulomb exception experiment with an assumption
that the sign of the product of three matrix elements
^21
1uuE2uu01
1&^22
1uuE2uu01
1&^22
1uuE2uu21
1& is positive @5#.
The sign of the matrix element determined by this experi-
ment is in agreement with the previous value. The values of
the B(E2), B(M1), and Q moments calculated from the
matrix elements are shown in Table III. The Q moments of
the 22
1 and 41
1 states were newly observed. The Q moments
of 21
1 and 41
1 states have the same sign, but that of the 22
1
state has a sign opposite to them.0-2
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FIG. 2. Typical g-ray spectra
in coincidence with the particle.
~a! Without Doppler shift correc-
tion at all detectors. ~b! With Dop-
pler shift correction at scattering
backward angle between uc.m.
5106° and 162°.III. DISCUSSION
It may appear that energy levels of Se isotopes are de-
scribed by the vibrational collective motion: the 41
1
, 22
1
,
and 02
1 energy levels, which are located about twice as high
as the 21
1 level, seem to constitute a two-phonon triplet. In
order to determine whether or not this picture is appropriate,
the measurement of the B(E2) values and the electric quad-
rupole moments are required. The B(E2) values from the
TABLE I. Previously measured mean lifetimes and mixing ratio
used in the analysis @16#.
I i or ratios Previous
Lifetime ~ps! 21
1 1262
22
1 5.561.5
41
1 1.360.3
42
1 1.060.4
611 0.760.2
Mixing ratio 22
1→211 3.560.5
Branching ratio I(221→211)/I(221→011) 0.7560.0106431FIG. 3. Partial level scheme of 78Se. All excited states and g
transitions were known previously. Solid lines mean levels or g
rays observed in the present experiment. Excited states indicated by
dashed lines were also used for the GOSIA analysis ~see text!.0-3
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1
, 22
1
, and 41
1) to the
21
1 should be twice as large as the B(E2,211→011) values
following the harmonic vibrator model. For surrounding Se
isotopes, the B(E2) values have been measured with the
projectile Coulomb excitation by Kavka et al. @7#. It was
reported in Ref. @7# that the ratio B(E2,021→211)/B(E2,211
→011) drastically changed in going from 76Se to 82Se:2.6,
0.30, and 0.34 for 76,80,82Se, respectively. This implies that
the vibrational property is weakened for 80,82Se, although
their energy levels appear to be consistent with those of the
vibrator. The present measurement shows that this ratio for
78Se, 0.49, is located between that of 76Se and the ones of
80,82Se. The B(E2,411→211)/B(E2,211→011) and B(E2,221
FIG. 4. Four experimental ~symbols! and calculated ~lines!
g-ray yields of one Ge detector at u590° with scattered particle
angle u530°<uc.m.<67° and 106°<uc.m.<162°. ~a! 614 keV at
down triangles and dash-dotted line. ~b! 885 1 889 keV at circles
and solid line. ~c! 695 keV at up triangles and dotted line. ~d! 1309
keV at squares and dashed line.06431→211)/B(E2,211→011) ratios are measured to be 1.1 and
0.63, respectively, both of which show a certain deviation
from those of the harmonic vibrator model.
We next discuss the structure of 78Se in terms of the de-
formation. In the GOSIA analysis, rotational invariants ^Q2&
are deduced with the code SIGMA @8#. The quadrupole defor-
mation parameter b rms is defined by
b rms5
4p
3ZR0
2
A^Q2&, ~1!
where R0 is the nuclear radius with R051.2A1/3 fm. Table
IV shows the deformation parameters. For the 22
1 state, the
b-deformation parameters become smaller as shown in Table
IV. The triaxial deformation parameter d of the ground state
could be derived from the following approximate equation
@23#:
^cos 3d&’2A 710^Q2&3/2@^011iT~E2 !i211&2
3^21
1iT~E2 !i21
1&12^01
1iT~E2 !i21
1&
3^21
1iT~E2 !i22
1&^22
1iT~E2 !i01
1&# , ~2!
and thereby we obtained d;26°.
TABLE III. Present B(E2) (1022e2 b2), B(M1) (1022mN2 ) val-
ues and static quadruple moments (e b).
I i→I f Present
B(E2) 211→011 6.560.9
22
1→011 0.1360.03
22
1→211 4.120.710.8
41
1→211 7.321.011.1
02
1→211 3.221.812.5
Q 211 20.2060.07
22
1 0.1760.09
41
1 20.6860.15
B(M1) 221→211 0.1060.03TABLE II. Present matrix elements ^I iuuE2uuI f& (e b), ^I iuuM1uuI f& (mN2 ), and previous results in 78Se.
These matrix elements are calculated from B(E2) values.
I i→I f Present Previous
^I iuuE2uuI f& 21
1→011 10.5760.04 u0.5760.01u a u0.6260.06u b
22
1→011 10.0860.01 u0.1060.01u a u0.0860.01u b
22
1→211 10.4560.04 u0.5760.02u a u0.5360.08u b
41
1→211 10.8160.06 u0.9360.02u a u1.060.1u b
02
1→211 10.1860.06 u0.2460.02u a
21
1→211 20.2760.09 20.3460.12 c
22
1→221 10.2360.12
41
1→411 20.9060.20
^I iuuM1uuI f& 22
1→211 10.0760.01
aTaken from Ref. @4#.
bTaken from Ref. @17#.
cTaken from Ref. @5#.0-4
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matrix elements with those of the triaxial rotor model @24–
26#. Figure 5 illustrates some of the energy levels and the E2
matrix elements calculated with the triaxial rotor model in
moving g from 0° ~prolate shape! to 60° ~oblate shape!. In
the axially symmetric limit around the 3 axis, a pure K50
intrinsic state generally constitutes the J50,2, . . . yrast
states. In this case, this intrinsic state does not give rise to
nonyrast states and ones with odd spin. As the triaxiality
develops, the Hamiltonian allows the mixing of states with
different K quantum numbers. For instance, for J52, the K
50 state is substantially mixed with the K52 one as the g
value is close to g530°. As a result, the 22
1 energy level is
TABLE IV. The deformation parameters ^Q2& and b rms .
State ^Q2& b rms
01
1 0.3360.05 0.2760.02
21
1 0.2660.14 0.2460.06
22
1 0.0960.07 0.1460.05
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FIG. 5. ~a! Energy levels and ~b! ratios of E2 matrix elements
obtained from the triaxial rotor model as a function of g . The
calculated values are compared with the experimental quantities
plotted by circles. ~b! Lines stand for the ratios of the E2 matrix
elements B(E2;221→211)/B(E2;211→011), B(E2;221→011)/
B(E2;221→211), Q(211)/( 27 Q0), and Q(221)/( 27 Q0), respectively,
where Q0 is defined by Q05A(16p/5)B(E2;011→211).06431lowered rapidly. Since both the 21
1 and 22
1 states have large
K50 and 2 components, the E2 matrix element connecting
them becomes larger. Properties of the 22
1 state are, hence,
very sensitive to the triaxiality.
As shown in Fig. 5~a!, the experimental 221 level is lo-
cated rather low. From the experimental energy levels, the
optimum g value lies around g528°. This g value gives a
good 31
1 energy level, which is also sensitive to the triaxial-
ity. Although the 31
1 state could not be observed in the
present experiment, we take the level energy from previous
data @16# in order to compare them. Figure 5~b! compares
ratios of the E2 matrix elements obtained from the triaxial
rotor model with the experimental ones, focusing mainly on
those concerning the 22
1 state. The ratio B(E2;221
→211)/B(E2;211→011) is one of the most sensitive quanti-
ties to the triaxiality. It varies from zero in the axially sym-
metric limit to 10/7 at g530°. Note that this ratio is always
smaller than 2, which is derived from the harmonic vibrator
model. Andrejtscheff et al. discussed the correlation between
the b rms and ^cos 3d& values of the ground state in a wide
mass region @23#, showing a general trend, except for Ge and
Se isotopes, that the triaxiality derived from the ^cos 3d&
value is weakened with the growth of b rms . It was also
pointed out that the Ge and Se isotopes constitute an ‘‘is-
land’’ in which the triaxiality develops to a large extent in
spite of their large b rms values. In the present experiment, we
obtained the deformations close to the previous result, and
thus the trend of ‘‘island’’ is same.
The quadrupole moments also reflect the triaxiality or the
g softness: at g530° the quadrupole moment of the 21
1 state
vanishes. It is not zero experimentally, although its absolute
value is much smaller than the intrinsic quadrupole moment
Q0 extracted from the measured B(E2) values as Q0
5A(16p/5)B(E2;011→211). The triaxial rotor model gives
the quadrupole moment of the 22
1 state as
Q~221!52Q~211!. ~3!
In the present experiment, the Q(221) value is measured for
the first time to be 0.1760.09 eb, while Q(211) is 20.20
60.07 eb. This result is consistent with the relation of Eq.
~3!, suggesting that the 22
1 level has the same intrinsic state
as the 21
1
. The analysis of the E2 matrix elements also gives
a large triaxiality with g.23° –28°, which is consistent with
the value obtained from the energy levels.
In this model, the 02
1 level corresponds to a different in-
trinsic state from that of the ground state. Properties of this
state and the mixing between these two intrinsic states can-
not be obtained from geometric approaches including the
rotor model. Microscopic calculations such as the shell
model are needed to investigate the origin of triaxiality and
the spherical-deformed shape coexistence, but at present a
systematic microscopic calculation incorporating various dy-
namical correlations is still difficult to perform in the region
of Se and Ge isotopes.0-5
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The excited states of 78Se were studied by the multiple
Coulomb excitation with a lead target. The intensities of g
rays in coincidence with the scattered particle were analyzed
by the least-squares code GOSIA. The six transition probabili-
ties and three quadrupole moments of low-spin states were
obtained. The deformation parameter ^Q2& was deduced by a
sum rule independently of models. The B(E2) ratios could
not be explained by either the symmetric rotor model or the
vibration model. The asymmetric rotor model with g06431.23° –28° shows good agreement with the experimental re-
sult. The quadrupole moments of the 21
1 and 22
1 states,
which were consistent with the relationship predicted by the
model, suggested that both levels had the same intrinsic
state.
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